Abstract. The chemical composition of the graphitic black carbon (GBC) fraction of marine organic matter was explored in several marine and freshwater sedimentary environments along the west coast of North America and the Pacific Ocean. Analysis by carbon x-ray absorption near edge structure (C-XANES) spectroscopy and scanning transmission x-ray microscopy (STXM) show the GBC-fraction of Stillaguamish River surface sediments to be dominated by more highly-ordered and impure forms of graphite, together forming about 80% of the GBC, with a smaller percent of an aliphatic carbon component. Eel River Margin surface sediments had very little highly-ordered graphite, and were instead dominated by amorphous carbon and to a lesser extent, impure graphite.
Abstract. The chemical composition of the graphitic black carbon (GBC) fraction of marine organic matter was explored in several marine and freshwater sedimentary environments along the west coast of North America and the Pacific Ocean. Analysis by carbon x-ray absorption near edge structure (C-XANES) spectroscopy and scanning transmission x-ray microscopy (STXM) show the GBC-fraction of Stillaguamish River surface sediments to be dominated by more highly-ordered and impure forms of graphite, together forming about 80% of the GBC, with a smaller percent of an aliphatic carbon component. Eel River Margin surface sediments had very little highly-ordered graphite, and were instead dominated by amorphous carbon and to a lesser extent, impure graphite.
However, the GBC of surface sediments from the Washington State Slope and the Mexico Margin were composed almost solely of amorphous carbon. Pre-anthropogenic, highly-oxidized deep-sea sediments from the open Equatorial Pacific Ocean contained over half their GBC in different forms of graphite as well as highly-aliphatic carbon, low aromatic/highly-acidic aliphatic carbon, low aromatic/highly aliphatic carbon, and amorphous forms of carbon. Our results clearly show the impact of graphite and amorphous C phases in the BC fraction in modern riverine sediments and nearby marine shelf deposits. The pre-anthropogenic Equatorial Pacific GBC fraction is remarkable in the existence of highly-ordered graphite.
INTRODUCTION
Black carbon (BC) is comprised of a spectrum of heterogeneous, aromatic and carbon-rich compounds, most of which are thought to be the end products of fossil-fuel combustion and biomass burning (Goldberg 1985 , Masiello 2004 . In marine sediments much of the BC has been attributed to deposition of soot, though fluxes from weathered kerogens and other soil BC sources, have also been implicated (Suman et al. 1997; Dickens et al. 2004 a) . BC compounds can also bind pollutants and organic substances in general and therefore many forms of marine organic matter could become associated with BC-rich particles (Gustafsson et al. 1997; Lee et al. 2004) .The net ecological effect of BC formation may be to channel carbon and oxygen away from biomass formation and cycling, into a refractory pool which is poorly mineralized by microbial communities. In addition, recent studies have shown that a fraction of BC in sediments may derive from petrogenic (rock) sources, rather than from combustion (Dickens et al. 2004 a,b) . The presence of this recycled BC in sediments may have led to significant overestimates of burial of combustion-derived BC in marine sediments, may bias radiocarbon dating of marine sedimentary organic carbon, and may form a closed loop in the carbon cycle (Dickens et al. 2004 a) .
All definitions of BC rely upon the extraction technique employed, e.g., they are operationally defined. However, depending upon the method BC may be produced from non-BC compounds altered by the extraction techniques (Schmidt et al. 2000 (Schmidt et al. , 2001 Masiello 2004 ). The Gélinas et al. (2001) method isolates only the most thermally recalcitrant forms of BC, generally soot and graphite, resulting in an operationallydefined graphitic black carbon fraction (GBC). This method removes types I and II kerogen, coal, charcoal, as well as other non-GBC organic compounds , Dickens 2004 . Application of the Gélinas method by Dickens et al. (2004a,b) has shown the GBC in pre-industrial horizons of marine sediments of the Washington Coast Slope to be dense, silt-sized (3-63 μm), and dominated by 14 C-depleted fractions, the likely product of weathering of fossilized organic carbon from continental rocks.
However, in recent sediments from an urban lake, Wakeham et al. (2004) have shown that GBC derives primarily from fossil fuel combustion. Therefore, GBC potentially can be composed of varying fractions of modern components (soot from natural combustion processes), and ancient ones (new soot from the anthropogenic combustion of fossil fuels, old soot from natural paleofires, and petrogenic sources of GBC) which are likely subcomponents of kerogen. Little is known about the particle-scale composition of GBC in natural samples. A detailed characterization of the GBC fraction of the BC pool in a variety of sedimentary environments may help further resolve the relative contributions of the modern and ancient sources to these environments. (Mitchell 2001; Sommer and Franke 2002; Jamin et al. 2003) . X-ray microscopic techniques are particularly promising in the investigation of recalcitrant particles, since they have small resolution limits (Jacobsen and Kirz 1998) . Synchrotronbased X-ray fluorescence microscopy (SXRF) for example has been successful in quantifying a variety of trace element (e.g. Si, Mn, Fe, Ni, Zn, Cr) in bacteria, phytoplankton, and autotrophic-and heterotrophic-flagellates (Kemner et al. 2004; Twining et al. 2003 Twining et al. , 2004 Twining and Baines 2004) . One particularly useful tool has been Scanning Transmission X-ray Microscopy (STXM), which allows for the noninvasive collection of X-ray Absorption Near-Edge Structure (XANES; or NEXAFS for Near-Edge X-ray Absorption Fine Structure). This combination of microscopy and spectroscopy (spectromicroscopy) can map the abundance of different carbon functional groups within a particle with a current resolution limit of less than 50 nm, minimal "signal averaging" problems, and minor sample handling (e.g. no extraction or derivatization). In C-XANES, carbon functional groups are identified by the energy of absorption of x-ray photons by core-shell (C 1s) electrons, in the pre-ionization energy range of 280-300 eV for C 1s electrons. Recent STXM and C-XANES examinations of sediment trap material from the Arabian Sea material demonstrated four distinct phases:
protein, an aliphatic-rich phase, a carboxylic-rich phase, and a phase of complex unsaturated and quinone components (Brandes et al. 2004 ). Very few BC-like particles were observed in these waters by Brandes et al. (2004) .
Since GBC may originate both from erosion of ancient rocks and in modern and ancient combustion processes (Dickens et al. 2004a, b) it is critical to examine GBC from a wide array of sedimentary environments in order to better resolve these possible sources and components. In this work we use C-XANES and STXM to examine natural GBC samples, isolated from riverine and continental shelf sediments located along the western coast of North America, and in the deep Equatorial Pacific. The objective of this study was to understand the degree of chemical heterogeneity in the structure of GBC in these sedimentary environments to explore whether these techniques may be useful for identifying sources and fates of BC. Most of the GBC samples examined in this work were isolated from surface sediments and are considered to be recent and post-industrial.
However, the Equatorial Pacific sediment was determined to be below the sediment mixed-layer depth by 210 Pb-dating, and to be pre-industrial by low levels of nuclides from nuclear fallout (Carpenter et al. 1987) , by background concentrations of combustionderived polycyclic aromatic hydrocarbons (Prahl and Carpenter 1984) , and by 14 Cdetermined sedimentation rates (Dickens et al. 2004a) . The data are used to constrain the chemical composition of GBC and to estimate the relative proportions of carbon in different composition classes from each environments.
MATERIALS AND METHODS

Graphitic Black Carbon Treatment of Sediment Samples
Archived sediment samples were analyzed from a variety of sedimentary endmember environments, which ranged from continental margin sentiments overlain by oxic and suboxic waters, a river sediment from a small watershed, a margin sediment from a different small river system, and a highly-oxidized deep-sea sediment ( Fig. 1 ; Table 1 ). Surface sediments were collected from the Stillaguamish River (Dickens et al. 6 2004 a,b) and the Eel River Margin (Blair et al. 2004 ). The Washington Coast Slope samples were from 0-6 cm sediment depth, while Mexico Margin samples were collected from 0-5 cm sediment depth (Dickens et al. in press) . The Equatorial Pacific 9 o N sample was from 9-10 cm sediment depth (Hammond et al 1996) . The total organic carbon (TOC) and GBC fractions were isolated from whole sediments by the method of Gélinas et al. (2001) . As described below, due to time constraints of C-XANES analysis from 8 to 12 C-XANES particle images were examined in each sediment environment (Table 1 ).
For GBC isolation the sediments were demineralized by sequential treatments with 1 N HCl, and between two to eight treatments with 1 N HCl/10% HF in order to expose organic matter trapped within mineral matrices to further chemical treatment.
Hydrolysable organic carbon was then removed by treatment with O 2 -free trifluoroacetic acid and HCl to reduce the possibility that condensation products would form during the thermal oxidation step (Maillard 1913) . The remaining material was subjected to thermal oxidation at 375 o C for 24 h. The method selectively isolates highly-condensed BC (primarily soot) and graphite while destroying charcoal, coal and type I and II kerogen.
The weight % of TOC and GBC fractions were determined directly with a Carlo-Erba elemental analyzer. Gélinas et al. (2001) conservatively estimate the standard deviations in GBC concentrations to be ± 15%.
Sediment Sample Sectioning for C-XANES
Small (~100 μg) subsamples of the GBC fraction were embedded in reagent grade elemental sulfur by briefly heating (~120 o C) a mixture of fine S o grains and sample on a clean glass slide until the mixture melted into a drop. Upon cooling the drop was removed from the slide with a razor, and fixed to an epoxy mount using cyanoacrylate glue. The drop was then sectioned into 130 nm (± 5 nm) thick slices using a Leica UltraCutTM ultramicrotome and a diamond knife, and the slices were then transferred to silica monoxide-supported TEM grids for storage and analysis (Flynn et al. 2003; Brandes et al. 2004 ).
STXM and C-XANES Analyses
Images and stacks were collected using the scanning transmission x-ray microscope located on beamline X1-A1 (outboard branch) at the National Synchrotron Light Source, Brookhaven National Laboratory (Winn et al. 2000) . Complete details on the design, operation and capabilities of the microscope are described in Feser et al. (2000 Feser et al. ( , 2001 . Briefly, synchrotron-generated monochromatic x-ray radiation is focused by a Fresnel zone plate onto a sample with a beam diameter of 45 nm. The sample stage is moved in the xy-plane using a piezo stage so that an x-ray transmission absorption map of the sample is scanned and recorded. The microtomed sections of the material surviving the GBC method represent a large sub-set of the total particles surviving the GBC method, and within each section all carbon-containing particles were examined by C-XANES. Initially two to twenty images of similar size and at a fixed energy (usually 290 eV) were collected to locate regions of interest (ROI) containing significant absorption in the microtome section. The collective area of all of the ROI for a particular sample section covered the entire particle area. These ROI were subsequently mapped in xyenergy space by sequential collection of several hundred images (collectively called a "stack"), usually spanning from 280 eV to 320 eV . Occasional unplanned termination of the x-ray beam necessitated truncation of our stack collection to 280-300 eV. The number of these particle image stacks for each sediment environment ranged from 8 to 12 (Table 1) .
Typically images were collected at the following energy levels: every 0.2 eV from 280 eV to 284 eV; followed by 0.1 eV from 284 eV to 292 eV, followed by 0.33 eV steps to 300 eV . When instrument time allowed, additional images were collected at 0.5 to 1.0 eV steps between 300 and 320 eV. The wider spacing in eV steps beyond 300 eV was done to save time, since C-XANES typically do not show an fine features in these regions. These numerous images were aligned, using an automated image alignment program which optimized the location of each image relative to the others using features of strong contrast .
Pixel sizes ranged from 50 x 50 nm, to 200 x 200 nm, depending on the sample.
The dwell times were usually kept to 1 to 3 ms per pixel, depending upon the x-ray flux at a particular energy, and to provide as low a radiation dosage to samples prior to entering the XANES region where detailed spectral information is critical to identifying the chemistry of each sample (Brandes et al., in review) . Typical stack analysis times ranged from approximately 2 to 6 h. Principle component analysis (PCA) was used to orthogonalize and noise-filter the spectromicroscopy data (Lerotic et al. 2004) . Cluster analysis was then used to classify pixels according to spectral similarity, and to extract representative, cluster-averaged spectra with good signal-to-noise ratios, and to obtain gradations of the concentration of these spectra at each pixel (Lerotic et al. 2004) . In this manner C-XANES spectra and maps of regions of similar composition can be extracted from the data.
Comprehensive C-XANES studies of polymers and other well-characterized compounds have permitted robust criteria for peak absorption energy assignments Dhez et al. 2003 ). Peak energy assignments for common carbon functional groups are listed in Table 2 . For carbon K-shell electrons, the near-edge absorption bands extend from 280 to 295 eV, and correspond to transitions to both unoccupied π * (antibonding) and low lying σ * orbitals. The peak width is generally given by the lifetime of the photoexcited transition, with transitions at lower energies relative to the ionization edge having longer lifetimes. In general, the lowest energy absorption bands, from around 284-285 eV, are for functional groups with unusually low energy π * states, e.g. quinones. An aromatic or unsaturated C atom bonded to another C atom has a strong 1s-1π * transition at about 285 eV. As more electron-drawing elements are added (e.g., pyridinic nitrogen) or substituted to unsaturated C (e.g., carbonyl or oxygen), the binding energy of the 1s electron is increased. This binding energy increase shifts the 1s-1π * transitions of aromatic C to higher energies, up to about 286 eV for carbonyl and nitrogen, and up to 286.9 eV for oxygen (e.g., as in phenols). For carboxyl functional groups bonded to saturated C the two oxygens result in a shift of the 1s-1π * transition up to 288.5 eV. For carboxyamide the 1s-1π * transition is a bit lower, at 288.2 eV. Saturated carbon has broad absorption band around 287.5-288 eV due to the σ * transition, ethers and alcohols exhibit a π * transition at 289.5 eV.
The cluster optical density spectra generated by PCA for a particle can be used to estimate the amount of carbon characterized by that spectra (M. Lerotic and C. Jacobsen., personal communication). It should be noted that the following method calculates the relative, and not absolute, amounts of C within clusters analyzed on the same instrument.
As X-rays travel through a sample they are absorbed as a function of the Lambert-Beer law, as given by
where I(E) is the transmitted flux at energy E, I 0 is the incident flux, -μ(E) is the linear absorption coefficient at an energy E, and t is the sample thickness. To calculate carbon mass per unit area two energies must be selected from the cluster optical density spectrum: one from below the absorption edge (E 1 ) and one from above the absorption edge (E 2 ), and both energies need to be far from the pre-and post-edge XANES features, respectively. Mass per unit area can then be given as
where ρ is the mass density of the desired component (e.g. carbon) and μ henke is the mass absorption coefficient (Henke et al. 1993 , Gullikson 2001 . The total mass M can be calculated from the mass per unit area m, the number of pixels N pixels , and the pixel size
Ideally I 2 would be in the 320-340 eV region, above most of the σ * resonances. However time and instrument constraints often precluded the collection of data above 300 eV.
Therefore total carbon was estimated for each cluster spectral type by subtracting the optical density at 280 eV from the average of the optical density from 295-300 eV.
Although absorptions at 295-300 eV are considerably higher than post-edge values at 320-340 eV, this difference is consistent across a variety of chemical compositions. C-XANES spectra was examined from a library of 11 polymeric compounds (www.physics.ncsu.edu/stxm/polymerspectro). The average absorption at 295-300 eV was 20% ± 10% higher than at the highest eV scanned, 320 eV. In addition 15 of the 58 spectra examined were collected up to 320 eV, and the average percent difference between the absorption at 295-300 eV compared to that at 320 eV fell in the range noted above. Therefore the absorption density-difference between the average at 295-300 eV and that at 280 eV, was multiplied times the areal fraction of that cluster of the total particle image size, and this product multiplied times the pixel size (μm 2 ). This allowed a comparison of the relative amount of carbon in different compositional categories (see Results) in each sedimentary environment. Since most of the variables between the samples were internally-normalized, the degree of uncertainty in this technique is dependent on the variability of the calculation in mean absorbance from 295 to 300 eV,
which was approximately ± 1-3% of the mean absorbance values.
RESULTS
The sedimentary environments sampled had a wide range of TOC and GBC weight percent of total sediment mass (Table 1) . TOC weight percent was lowest for the Stillaguamish River (0.14%), and highest for the Mexico Margin (7.19%), while the GBC weight percent was lowest for the pre-anthropogenic Equatorial Pacific sediment For purposes of comparison we present the cluster spectra for some well- . Graphite cluster spectra characteristically have a sharp peak for unsaturated carbon-carbon bonds near 285 eV and a sharp σ * exciton absorption peak near 291.6 eV.
The exciton is a bound excited state with a long lifetime compared to the atomic deexcitation mechanisms, and so the excitonic peaks are very narrow (Ma et al. 1993 ; see Table 2 ). The graphite spectra also exhibit a well-defined asymmetric absorption peak at 292.8 eV, reflecting the transition to the many superimposed σ * states. The diesel soot shows the presence of both aromatic and aliphatic carbon groups, i.e. at 287.6-288.2 eV for the 1s-3p/σ * transition for C-H, and 289.5 eV for the 1s-3p/σ * transition for C-OH ( Figure 2B ., C.) while melanoidin (Figure 2 .D.) has significant spectral content in the aromatic carbon region (285 eV), aromatic alcohol (about 286.5 eV), and carboxyl region (288.6 eV). In diesel soot the lack of a sharp σ * exciton absorption peak near 291.6 eV, and the absence of the characteristic σ * absorption peak at about 292.8 eV, is indicative of the lack of significant spatial extent of graphene aromatic rings (see Table 2 and Discussion).
The C-XANES spectra of observed GBC classes from the sedimentary environments examined are presented in Figure 3 . The cluster spectra were divided into six specific classes, I-VI, based upon similarity to the cluster spectra of reference compounds and those presented in Gago et al. (2000 Gago et al. ( , 2001 and Jiménez et al. (2003) .
Binning of particle classes within stack clusters was chosen based on criteria given in Figure 3 . For example, a region was considered highly ordered graphite if it contained well defined peaks at 295, 291.6 and 292 eV, with few or no spectral features between 286 and 290 eV. Impure graphitic carbon exhibited strong and defined 285 and 292 eV features together with strong absorption features in the 287-290 eV region. Amorphous carbon consistently had strong but poorly separated absorption features in the 285-290 eV region, followed by a broad increase in the 293-296 eV range (much broader than the graphite transition in this region). This material was quite distinct from impure graphite in that impure graphite had a clear separation in absorbance peaks between 285 and 287 eV, while amorphous C did not (Figure 3 ). Occasionally non-graphitic, non-amorphous carbon types were observed that corresponded more closely to types observed in marine organic matter (Brandes et al. 2004 ). All of these forms were characterized by a much higher 287:285 ratio than either graphitic or amorphous carbon, indicating a higher proportion of aliphatic and/or carboxylic acid C. Spectral distinctions between classes were obvious and in no case did we observe a compound class that did not clearly fall into one of these six classes.
All the particles in each of the microtomed thin-sections from the homogeneously-mixed subsample of the material surviving the GBC-method were examined to ensure a representative sampling of the whole sample. For each of the five sedimentary environments, we examined between 8 and 12 image stacks (Table 1) . This relatively limited number of observations was necessitated by the long amount of time required for each analysis (3-6 h per observation), so our examinations represent a large sub-set of the total sample particles surviving the GBC-method. Most of the image stacks also included more than one distinct particle. In addition, the stack images from some of the sedimentary environments were more particle-rich than in others. The total particle area examined varied from approximately 1300 μm 2 for the deep Equatorial Pacific 9oN to 7800 μm 2 for Washington Coast Slope sediments. The chemical mapping of GBC components did not exhibit a "ring" or "crust" of more oxidized material on the surfaces of the particles. The lack of observable surface alteration compared to particle interiors in our chemical maps is a strong indication that the GBC treatment method of Gélinas et al.
(2001) affects the entire particle.
Within each sedimentary environment the relative amounts of carbon in each of the six spectral cluster classes was calculated (see Methods and Table 3 ). GBC in the Stillaguamish River sediment is dominated by highly-ordered and impure forms of graphitic C, collectively constituting over 80% of the total C, with the remainder primarily in the form of more aliphatic carbon (17%). In contrast, the GBC-fraction in the sediments of the Eel River Margin is dominated by amorphous C (72%) with lesser amounts of impure graphitic C (27%). The GBC-fraction in the sediments from the Washington Coast Slope and in the Mexico Margin entirely consist of amorphous C (97-100%). In the Equatorial Pacific 9 o N sediments the GBC-fraction has a much broader distribution of the spectral classes, containing impure graphitic C (35%) and highlyorganized graphitic C (21%), but also appreciable amounts of highly aliphatic C, low aromatic, highly aliphatic C (12%) and low aromatic, highly acidic aliphatic C (8%) and amorphous C (8%; Table 3 ). These percent differences exceed the variability introduced by the C mass determination method, which was approximately ± 1-3%. We have also confirmed the presence of aliphatic C in the Stillaguamish River sediment GBC by FTIR (Gélinas, unpublished data) .
We also estimated the presence of inorganic material in the samples based on their characteristic C-XANES cluster spectra, which have a constant absorbance (with intensity related to sample thickness) in the C-XANES region, from 280 to 300 eV 
DISCUSSION
Continental shelves and slopes contain approximately 90% of the OC buried in the oceans, and the processes which control this burial influence Earth's atmospheric chemistry and global climate over geological time scales (Berner, 1982; 1989; Hedges and Keil 1995) . Active margins in particular have steep landscapes and are often drained by short mountainous rivers that facilitate the rapid delivery and burial of terrestrial OC to the continental shelf and slope (Blair et al. 2003 (Blair et al. , 2004 . The Eel River Margin, and to a lesser extent the Washington Coast Slope, can be considered to be river-dominated sedimentary systems as they receive considerable sediment influx from the Eel River and Columbia River watersheds, respectively. The Columbia River has a much larger and longer watershed than the Eel River, but both impact their respective margins as important sites of terrestrial OC burial (Berner 1982; Hedges and Keil 1995; Goñi et al. 2005 ). Enhanced sedimentation rates, high fluxes of terrigenous nutrients, elevated inputs of mineral surfaces and land-derived recalcitrant organic matter all combine to help sequester carbon in these regions. The organic matter in river-dominated margins has been shown to be highly heterogeneous in composition with allochthonous OC including freshwater algae, vascular plant debris, soil organic matter, ancient kerogen and fossilized carbon from sedimentary rocks, and autochthonous OC consisting of marine phytoplankton debris, zooplankton fecal material, and marine bacteria (Masiello and Druffel 2001 , Blair and Aller 2004 .
Our analyses of sedimentary GBC illuminate the high degree of chemical heterogeneity of the GBC fraction in the different sedimentary environments and suggest possible linkages to terrestrial sources. However, the admittedly limited number of samples analyzed by C-XANES and STXM do not permit robust conclusions on the sources or fates of the GBC fraction of BC. In the Eel River watershed kerogen, exposed in the uplifted Mesozoic-Tertiary Franciscan Complex, is rapidly eroded, transported, and buried on the margin (Blair et al. 2003 (Blair et al. , 2004 . Of the marine sediments analyzed in the present work the Eel River Margin had the highest weight percent of GBC (0.205%) and percent GBC of TOC (17.6%), and almost 30% of this GBC was graphite (Table 3 ).
These findings suggest that this GBC derives primarily from rock OC and are consistent with this site being heavily impacted by deposition of sub-soil materials eroded away from the Eel River watershed (Blair et al. 2003) . Similarly, we found that a very large portion of TOC in the Stillaguamish River sediment was GBC (31%) and most of this GBC was highly-ordered graphite (45%). The Stillaguamish River is another small, mountainous river and is fed by glaciers, and the dominance of graphite in the TOC of this sediment clearly indicates that much or most of the OC in this sediment derives from sedimentary rock OC. The lowest GBC weight percent values (0.012-0.016%) were found in the Mexico Margin and Equatorial Pacific sediments, both areas which experience very low input of terrestrial OC (Dickens et al. 2004 a) . The composition of GBC in these two environments is remarkably different however, since Mexico Margin GBC is almost all amorphous C, while Equatorial Pacific 9-10 cm GBC is comprised of a wide variety of GBC classes (Table 3) . Similarly, the GBC of the Washington Coast Slope and the Eel River Margin are both dominated by amorphous carbon (Table 3) It is possible that the other non-amorphous, non-graphitic forms of organic carbon found in the Equatorial Pacific GBC may be artifacts from the GBC method, formed by the condensation of recent marine biomacromolecules, and which could dilute the age of the GBC material to a relatively young 14 C-determined age of about 10,000 years, rather than 40,000 years for nearshore sediments (Dickens et al. 2000a) . Gustaffson et al. (2001) has shown the production of BC values from thermal oxidation of diatom exudates, and whereas the Gélinas et al. (2001) method effectively removes most non-BC forms of carbon, it is possible that it may produce small amounts of BC for samples that are relatively low in pyrogenic carbon or fossil graphitic carbon (Simpson and Hatcher 2004) . Some of the aliphatic cluster spectra types (e.g. types I, II, and III) were somewhat similar to the melanoidin produced through a reaction between lysine and glucose (i.e., What processes and/or sources of GBC are shared between the Mexico Margin, the Washington Coast Slope and the Eel River Margin surface sediments, that results in predominantly amorphous C in the GBC fraction? Given the much higher burial rates usually found on continental shelves as compared to deep-sea environments, it is tempting to speculate that amorphous GBC forms, and not graphitic forms, may dominate GBC burial in the ocean. However, more work is needed to delineate the possible source mechanisms leading to the transport and burial of amorphous GBC. It is, however, important to note that this form of GBC has not been previously observed and was not predicted to survive the GBC extraction treatment.
Based on the very old during its transport to marine sediments, 2) soot from combustion of either fossil fuels or biomass, and 3) a form of non-graphitic kerogen, which has not undergone the extensive metamorphic processes necessary to form the highly-ordered graphene planes characteristic of petrogenic graphite.
Petrogenic graphite formation commonly occurs as a result of organic matter conversion under natural heating during low-grade metamorphism, or metamorphism of carbonate-rich rocks or organic-rich sediments, or via precipitation from natural carbonbearing fluids such as those containing CO 2 , CO, and/or CH 4 (Frost et al. 1989; Person et al. 1996; Luque et al. 1998; Duba et al. 2001 , Jödicke et al. 2004 Pucéat et al. 2004 ).
Studies by Gago et al. (2000 Gago et al. ( , 2001 used highly oriented pyrolytic graphite as precursor material and produced amorphous carbon by ion beam assisted decomposition. This amorphous carbon was examined by C-XANES and produced spectra identical to some of our spectra. Amorphous carbon has been distinguished from highly-ordered graphite as a progressive decrease of the π* exciton (at 285.4 eV), with the appearance of several π* states of similar intensity due to the increase in the sp 2 -related π* states in the region between 285 to 288 eV (Gago et al. 2000 (Gago et al. , 2001 . The decrease in the π* exciton is apparently due to the reduction of graphite domain size in the amorphisation process, as theoretical modeling of the XANES spectra found a dependence of the exciton intensity with plane-cluster size (Ahuja et al. 1996) . The decrease of the π* intensity as the ordered graphite becomes progressively amorphous was likely due to the increase of sp 3 hybridized sites at the expense of the sp 2 hybridized sites. Possible mechanisms consistent with the increase in the sp 3 /sp 2 ratios with amorphisation could include 1) formation of vacancies in the graphitic basal planes, by removal of certain carbon atoms and leaving dangling carbon bonds; 2) formation of five-and seven-member rings that curve the basal planes and connect dangling bonds; and 3) promotion of sp 3 sites that can also distort the flat basal plane geometry and can cross-link different planes (Gago et al.
2001
; Jiménez et al. 2003) .
Is it possible that the complete dissociation of the graphitic basal planes into amorphous carbon is a dominant process controlling the GBC found in the continental margin samples? Ion beam assisted deposition is not a direct analogue for any natural process. Perhaps photo-oxidation has the ability to leave the graphitic structure intact enough to resist oxidation by the GBC isolation method, but disrupted enough to appear amorphous via the C-XANES analysis. The presence of impure-and highly-ordered graphite in the Eel River GBC suggests that the putative graphite oxidative-dissociation mechanism may not had enough time to act before being rapidly buried, because of the intense erosion and burial of OC in this watershed. In contrast the longer residence time of carbon in the Columbia River system before deposition on the North American margin may promote extensive amorphisation.
Another possible source of the pre-anthropogenic GBC in the Equatorial Pacific 9-10 cm sediment might be soot from the combustion of C 4 grasses (Eglinton et al. 2002 , Dickens et al 2004 . At the most extreme end of the combustion product spectrum, highly graphitized soot spheroids are formed from extensive recombination of small free radicals of acetylenic and aromatic molecules within the flame (Goldberg 1985) . The soot spheroids possess onion-like layers and layers of graphite formed by sp 2 hybridized carbon, but curved due to the presence of sp 3 hybridized carbon (Dobbins et al. 1998; Schmidt and Noack 2000) . Less intensive combustion of vegetative biomass may produce more randomly-oriented stacks of a few graphitic layers (Heidenreich et al. 1968 ). Soot particle nanostructure, which includes the graphene layer plane dimensions, their tortuosity, and relative orientation, can dictate its reactivity towards oxidation (Vander Wal and Tomasek 2003) . At the edge of the short ( < a few nm) stacks of graphene platesegments (termed "crystallites") the potential carbon sites (aryl C-H bonds) are well known to be most susceptible to oxidation compared to the carbon atoms within the basal plane, which have only shared π electrons forming chemical bonds (Palmer and Cullis 1965; Vander Wal and Tomasek 2003) . The degree of curvature of the crystallites also increases the susceptibility of the carbon atoms to oxidation, exposing weakened C-C bonds, as bond strain increases as the orbitals overlap and the electronic stabilization is decreased (Dresselhaus et al. 1996) . The soot particles should be quickly oxidized by ozone and other atmospheric oxidants, creating hydrophilic carboxylic acids and aromatic polyacids on their exterior surfaces, and thus promoting soot particle solubilization (Chughtai et al. 1991; Decesari et al. 2002) . At present we have only limited C-XANES and STXM examinations of soot, and those were derived from diesel combustion (Figure   2 B. and C). We did not observe these type of spectra in Equatorial Pacific (nor any other location) sediments. However, it is possible that soot derived from vegetation fires may have a less condensed structure and thus have a different C-XANES spectrum. While soot may have small domains of graphene layers and crystallites their small dimensions will not lead to the large absorbance we observed for unsaturated carbon at 291.8 eV, which is more characteristic of multiple layers of aromatic rings typical of petrogenic graphite. Furthermore, soot does not exhibit the strong absorption between 285.5 and 287
eV that we observe in our amorphous C class, and thus cannot be the unaltered sources of this material. Soot can partially survive the GBC-fractionation method yet NMR examinations of soot treated by the Gélinas method revealed a loss of aliphatic components and a preservation of aromatic components (Gélinas, personal communication) , suggesting that the amorphous phase is not derived from chemicallyaltered soot. Further work at the N-and O-edges by XANES on GBC should distinguish whether its origin is petrogenic graphite, which should contain very little N, or fossil fuel combustion products, which should contain significant N and O components.
We can not reject the possibility that the GBC found along the coastal margins is neither transformed petrogenic graphite nor combustion products, but is instead a nongraphitic form of kerogen. Kerogen is an inherently-complex macromolecular mixture (Tissot and Welte 1978; Hedges 1992 ) that may include petrogenic graphite and many molecularly-uncharacterizable compounds. While kerogen of types I and II does not survive the GBC-treatment method (Dickens et al. 2004a,b) , a fraction of type III kerogen, which comprises a large aromatic component (Tissot and Welte, 1984) might be thermally-resistant and could contribute to the GBC isolate. This could consist of a sort of proto-graphite that is condensed enough to survive the GBC method but irregular enough to appear as graphite by C-XANES.
Clearly a more detailed understanding of GBC sources, transport and diagenesis should include at the least a more systematic and thorough sampling of the rivers of the both coasts of the North American continent proper and their related margins.
Combustion products of grasses and woods also need a more thorough examination by C-XANES and STXM. This type of research is underway and will be presented in a later work
CONCLUSIONS
Our results show a clear impact of graphite and amorphous C phases in the BC fraction in modern riverine sediments and nearby marine shelf deposits, and also in the pre-anthropogenic sediments in the open ocean. This is consistent with the findings of Dickens et al. (2004a,b) , that sedimentary GBC may not involve a significant contribution by combustion products. Sedimentary environments along continental margins have a GBC fraction of BC which is characterized by more disordered graphite and amorphous carbon. The Equatorial Pacific GBC fraction is remarkable in the existence of highly-ordered graphite, but they also appear to contain significant aliphatic Dickens et al. (2004 a,b) .
2 Described in Blair et al. (2004) .
3
Described in Dickens et al. (in press) . 4 Location described in Hammond et al. (1996) . Hitchcock et al. (1986 Hitchcock et al. ( , 1992 , Hitchcock and Ishii (1987) , Hitchcock and Stöhr (1987) , Cody et al. (1996 Cody et al. ( , 1998 , Urquhart and Ade (2002) , George Cody (pers. commun. 2004) . Class II. Low aromatic, acidic, alippatic carbon (similar to Class I but with a small but significant peak at 285 eV, and a very sharp narrow peak at 288.6 eV).
Class III. Low aromatic, highly aliphatic carbon (similar to class I but with a significant peak at 285 eV, and no peak at 288.6 eV).
Class IV. Amorphous carbon (large broad adsorption shoulder at 285 eV, little or no decrease in intensity at 286 eV, followed by high absorption from 285-290 eV, and a gradual rise in absorption to the 293 eV region).
Class V. Impure graphite carbon (three well separated peaks at 285, 288, and 292 eV, with a sharp increase in absorption between 291 and 292 eV, and a small or non-existent 291 eV exciton peak).
Class VI. Highly-ordered graphite carbon (prominent peak at 285 eV, sharp exciton peak at 291.6 eV, and well-defined peak at 292 eV). 
